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ABSTRACT 
 Agricultural land-use change, especially corn expansion, has been accelerating 
since the 2000s to meet the growing bioenergy demand in the United States. This study 
identifies the environmentally sensitive lands (ESLs) in the U.S. Midwest and explores 
the environmental implications of land-use changes in this vital agricultural region. A 
new distance factor is introduced to a soil erodibility model to take wetlands and 
waterbodies into account. With a GIS-Ranking Model, the ESLs in 2008 and 2011 (two 
representative years of corn expansion) in the study region are ranked based on their soil 
erosion severity. Under various scenarios of bioenergy land-use change (cropland to grass 
and grass to corn) on two land types (ESLs and non-ESLs) at three magnitudes (5%, 10% 
and 15% change), the projected ESL distributions are evaluated, and their contributions 
to soil erosion are assessed. Distributions of the ESLs vary geographically in the study 
region. Annual crops are shown to amplify the extent and intensity of ESLs, while 
perennial grasses aid in suppressing ESLs. At a river basin scale, this study provides a 
spatially explicit assessment of environmental impacts of bioenergy land-use in this 
important agricultural region. 
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CHAPTER 1 
INTRODUCTION 
Since the mid-2000s, acreage planted in corn in the U.S. Midwest has expanded 
immensely to satisfy the growing demand for bioenergy production. This intensified 
agricultural land use raises concerns about soil erosion, runoff, and the health of 
ecosystems in the region (Narumalani et al. 1997; Park et al. 2011; Pimentel et al. 1995; 
Robertson et al. 2011). Soil erosion, especially, has been a significant issue in the 
Midwest as it has caused dramatic destruction to croplands and reduction of crop 
production in this important agricultural region (Kort et al. 1998; Paine et al. 1996). 
These concerns are amplified in environmentally sensitive lands (ESLs), which 
are areas prone to soil erosion, important to biodiversity, and important for the hydrology 
of the area (Ndubisi et al. 1995; USDA-FSA 2016; Wu et al. 1997). Effects of soil 
erosion on ESLs can be detrimental; possibly most important is that crop productivity 
may be enormously diminished (Bahadur 2009; Kouli et al. 2009; Park et al. 2011). This 
may occur because soil erosion and soil degradation reduce the soil’s moisture holding 
capacity, diminish the amount of nutrients in the soil, and decrease the depth of the root 
zone (Nagaraju et al. 2011). ESL policies have been implemented across the United 
States, including the Conservation Reserve Program (CRP). Established in 1985, the CRP 
paid farmers to plant beneficial plants such as native prairie grasses on their 
environmentally sensitive farmlands (USDA-FSA 2016). From 1995 to 2014, the CRP
2 
had made $34.9 billion in payments in the country (Environmental Working Group 
2016).  
Further research has been conducted to test native prairie grass as an alternative 
bioenergy source. In 1991 the Department of Energy (DOE) designated switchgrass as a 
model crop for biofuel. Research conducted since then has shown positive feedbacks of 
utilizing switchgrass for biofuel feedstock (Bouton 2007b; Missaoui et al. 2005; Parrish 
and Fike 2005; Vogel et al. 2002) and erosion control (Bouton 2007a; Das et al. 2004; 
Missaoui et al. 2006; Missaoui et al. 2005; Parrish and Fike 2005). Native prairie grasses 
such as switchgrass grow well on environmentally sensitive lands (Vogel et al. 2002), are 
resilient to acidic soil (Kort, et al. 1998; Paine et al. 1996), help prevent soil erosion (Kort 
et al. 1998; Parrish and Fike 2005; Schnoor et al. 2008), mitigate runoff (Paine et al. 
1996), improve water quality in watersheds (Graham et al. 1996), and increase carbon 
sequestration (Bouton 2007b; Casler and Boe 2003; Casler et al. 2004; McLaughlin et al. 
2002). There is also evidence that native prairie grasses may support biodiversity better 
than row crops (Robertson et al. 2011; Smeets et al. 2009). 
Wetlands and waterbodies are also an important component of environmental 
assessment. Wetlands provide crucial habitats for many species and contribute to the 
health of the ecosystem as a whole (de Prada 2005; Yang et al. 2016). Wetlands help to 
maintain the hydrological health of watersheds (Yang et al. 2016) by mitigating flooding 
(de Prada 2005; EPA 2016b; Zhang and Sun 2005) and improving water quality by 
capturing both nutrients and sediments (Werner and Zedler 2002; Yang et al. 2016). 
However, soil erosion can result in excess sediment to downstream waterbodies 
and wetlands and reduces wetland flood mitigation capabilities (NCSU Water Quality 
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Group 2016; Pandey et al. 2007). Along with this excess sediment, agricultural chemicals 
and nutrients are brought in, which degrades water quality and damages wetland 
ecosystems (de Prada 2005; Kouli et al. 2009). Therefore, one important way to maintain 
the functionality of wetlands and waterbodies is to limit the amount of soil that is 
transported and deposited in these areas (de Prada 2005). 
The Universal Soil Loss Equation (USLE: Wischmeier and Smith 1978) is one of 
the most widely used mathematical models to describe soil erosion processes. It is 
empirically based, less complicated, and less data intensive than other alternatives 
(Merritt, Letcher, and Jakeman 2003; Zhou and Wu 2008). It calculates the potential soil 
loss per acre per year by integrating the influencing attributes of runoff and rainfall, soil 
erodibility, the topography, land cover, and management practices (Chou 2010; Kim et al. 
2005; Kouli et al. 2009). Assisted with remote sensing and GIS data, many studies have 
utilized USLE to assess the potential erosion in geographically diverse study areas, 
different land-use types, and topographical characteristics (e.g. Bahadur 2009; Eweg et 
al. 1998; Kim et al. 2005; Ma et al. 2003; Lee 2003; Parveen and Kumar 2012). Although 
designed for “small” spatial extents (Bahadur 2009; Lee 2004; Merritt et al. 2003), USLE 
has been used to analyze erosion in larger areas as well (Merritt et al. 2003; Zhou and Wu 
2008). 
Using published satellite-assisted agricultural land-use products and 
environmental GIS layers, this study aims to modify the USLE to identify and rank the 
ESLs in the Midwest, and to assess the ESL variations under intensified agricultural land-
use change. These assessments will help us to better understand the environmental 
4 
impacts of bioenergy land use and, therefore, assist regional bioenergy decision making 
in the Midwest.
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CHAPTER 2 
DATA AND METHODOLOGY 
2.1 Study Region 
The Midwestern U.S. is located in the northern Mississippi River Basin (Fig. 2.1). 
Here we select two sub-basins as our study region - the Upper Mississippi River Basin 
(490 thousand km
2
) and the Missouri River Basin (1.4 million km
2
) - as our study region. 
The study region encompasses the Corn Belt in the east and the Great Plains in the west 
(Galat et al. 2005).  
 
Figure 2.1: The study region of the Missouri River Basin and the Upper Mississippi River Basin. Primary 
crops of the study region are extracted from the 2008 CDL product. 
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Annual crops and perennial grasses dominate this important agricultural region. In 
2011, approximately 33% of the study region was composed of croplands and 38% was 
grasslands (USDA Cropland Data Layer 2011). Corn and soybean shift planting are the 
primary cropping activities in croplands. Other crops include spring wheat in northern 
states and winter wheat in southern states. The Great Plains and the Midwest are divided 
along 100° Longitude, at the so-called ecological gradient (Grundel et al. 2014). So, the 
Missouri River Basin has a mostly dry climate while the Upper Mississippi River Basin 
has a moist climate (Baechler et al. 2010). More wetlands (7%) remain in the Upper 
Mississippi River Basin than the Missouri River Basin (2%).  
Before European settlement, the study region was predominantly covered with 
native prairie grasses with the shortgrass prairie in the west and tallgrass prairie in the 
east (Hopkins et al. 1995; Vogel et al. 2002). Nowadays, more than 90% of prairie 
grasses have been converted to row crops or more productive pasturelands with 
introduced grass species (Wang et al. 2013). To leverage food security, biodiversity, 
environmental conservation, and bioenergy production concerns, various efforts have 
been implemented to re-establish the native prairie grasses of this region. In 2008, the 
USDA Biomass Crop Assistance Program (BCAP) Project Area #1 was established in 39 
counties of Missouri and Kansas, which financially supports landowners to plant 
switchgrass in their crop fields and to harvest for biomass feedstock (Wang et al. 2015). 
The environmental implications of these activities in the study region have not been fully 
investigated. 
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2.2  Data sets 
 The data utilized in this study are listed in Table 2.1. For environmental data 
layers, rainfall and runoff data was acquired from NOAA (DigitalCoast). The USA Soils 
Erodibility and Soil Loss Tolerance (the maximum allowable soil loss per year) data, 
which were originally derived from the SSURGO Soil Database, were acquired from 
ArcGIS Online (ESRI 2015a, b). The digital elevation model (DEM) was acquired from 
the USGS Data Clearinghouse (EarthExplorer) and was used to calculate flow 
accumulation and slope.  
 Agricultural land use/land cover maps were acquired from the Cropland Data 
Layer (CDL) products that are published annually by the United States Department of 
Agriculture (USDA) National Agricultural Statistics Service (NASS). In the 
conterminous United States, crop fields are classified from 30-56 meter satellite image 
series such as those from Landsat and IRS-P6 Resources-1. Beginning in 2011, the 
satellites Deimos-1 and UK-DMC 2 have been integrated into the CDL (USDA-NASS 
2016). Classification accuracies of CDL products vary by state. In agricultural regions 
such as the Midwest, the overall accuracy reaches at least 86.9% for each state, while the 
overall accuracy is lower for the Great Plains. Two CDL maps, one in 2008 and the other 
in 2011, are used in this study because they are two years with dramatic changes in the 
area planted in corn. According to Wang et al. (2015), corn planting acreage in 2008 
declined from 2007 following bankruptcies of the bioenergy industry, while in 2011 it 
rose to the 2
nd
 highest acreage in history at that point. With different image sources, the 
spatial resolution of CDL maps is 56 meters for 2008 and 30 meters for 2011. The 
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wetland and waterbody data were also extracted from the CDL maps as their pre-defined 
classes.  
To simplify the modelling process, all of these spatial data are resampled to 90 
meters across the study region. Crop Cover and Erosion Prevention data were used to 
assign the C and P-Factors to reflect different impacts of land covers and managements 
to soil erosion. Conventional values of each factor were extracted from the literatures 
listed in Table 2.1. More details about these two factors are described in the next section. 
 
Table 2.1: Data sources in this study 
Data Set 
Cell Size 
(m) 
Sources 
DEM 30 USGS Earth Explorer 
Rainfall and Runoff 800 NOAA (DigitalCoast) 
Soil Erodibility 30 ESRI 2015a 
Soil Loss Tolerance  30 ESRI 2015b 
Land Cover and 
Agricultural Land-Use 
30-56 
(2008, 
2011)  
USDA Cropland Data Layers 
Cover Factor, Erosion 
Prevention Factor 
N/A 
Howeler, Oates, and Allem 2001; 
Morgan 2005; Nelson et al. 2014; 
NRC 1986; NRCS 2004; Panagos et 
al. 2015; Shi et al. 2002; Sojka, 
Langdale, and Karlen 1984; Ziv et 
al. 2012 
 
2.3  Approaches  
 
A GIS ranking model is developed with ModelBuilder in ArcGIS to spatially rank 
the environmental sensitivity of the study region. In this model, the Universal Soil Loss 
Equation (USLE) is applied to calculate soil erosion based on the metrics of runoff and 
rainfall, soil erodibility, slope length and steepness, and land-cover types. The USLE is 
modified with a new distance factor, weighted surface distance to the nearest downslope 
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wetland or waterbody, to account for the impact of each pixel to the wetland or 
waterbody. Then, a variety of land-use change scenarios are implemented in order to 
analyze the effect of specific land-use types (cropland/corn and grass) on the 
environmental sensitivity of the study region. Figure 2.2 outlines a conceptual framework 
of the methodological design in this study.  
 
Figure 2.2: Technical framework for this study 
 
2.3.1  Soil Erosion Model - Universal Soil Loss Equation (USLE) 
The Universal Soil Loss Equation (USLE) has been broadly adopted to predict 
soil erosion (Merritt, Letcher, and Jakeman 2003; Parveen and Kumar 2012). As an 
empirically-based model, the USLE calculates the potential soil loss, defined as “A”, 
from climatic, topographic, soil, and land-use factors (Kim, Saunders, and Finn 2005; 
Kouli, Soupios, and Vallianatos 2009): 
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𝐴 = 𝑅 𝐹𝑎𝑐𝑡𝑜𝑟 ∗ 𝐾 𝐹𝑎𝑐𝑡𝑜𝑟 ∗ 𝐿𝑆 𝐹𝑎𝑐𝑡𝑜𝑟 ∗ 𝐶 𝐹𝑎𝑐𝑡𝑜𝑟 ∗ 𝑃 𝐹𝑎𝑐𝑡𝑜𝑟  (1) 
where: 
A is the potential soil loss per acre per year (output) 
R is the runoff and rainfall factor (available at DigitalCoast) 
K is the soil erodibility factor (available at ESRI 2015a) 
LS is the topography factor  
C is the cover factor 
P is the erosion prevention factor  
 
The LS-Factor deals with slope length and steepness and can be calculated from a 
DEM in ArcHydro (Krishna 2009; Lee 2004). The LS-Factor is calculated as (Lee 2004): 
𝐿𝑆 𝐹𝑎𝑐𝑡𝑜𝑟 = (𝐹𝑙𝑜𝑤 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑥 
𝑐𝑒𝑙𝑙 𝑠𝑖𝑧𝑒
22.13
)
.4
𝑥 𝑆𝑖𝑛 (
𝑆𝑙𝑜𝑝𝑒
.0896
)
1.3
   (2) 
where cell size = 90 meters, slope is in degrees, and flow accumulation is the number of 
cells from which water flows into the target cell 
The C and P-Factors account for the influences of different crop covers (C-
Factor) and land management practices (P-Factor). Their values in Table 2.2 are 
empirically extracted from past studies (Table 2.1). The erosion protection provided by a 
cover type determines the C-Factor value. The P-Factor is the erosion prevention factor 
and is based on a myriad of sources about land-management practices. Each CDL class was 
grouped into one of the categories in Table 2.2 and reclassified accordingly. 
Table 2.2: C and P-Factors of the study region’s CDL classes, defined under various land cover and 
management activities. 
CDL Class Name C-Factor P-Factor 
Corn, Soybeans 0.28 0.89 
Tree Crops 0.11 0.91 
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Double Crop 0.003 0.89 
Other Crops 0.15-0.64 0.88-0.91 
Fallow/Idle Cropland/Barren 1 0.89-1 
Grass, Alfalfa, Other Hay/Non-
Alfalfa 
0.02 0.89 
Shrubland 0.008 1 
Forest 
0.001-
0.006 
1 
Wetlands 0.003 1 
Developed 
0.001-
0.003 
1 
Open Water, Perennial Ice/Snow 0 1 
 
2.3.2 Distance-weighted USLE 
To better assess the soil erosion potential at a river basin level, this study modifies 
the USLE by adding in a wetland/waterbody-related distance factor: the distance to 
nearest downslope wetland/waterbody. The ArcGIS add-on toolbox “Terrain Analysis 
Using Digital Elevation Models” (TauDEM) Version 5.3.1 (Tarboton, Sazib, and Dash 
2016) is applied to accomplish this process. Following the EPA’s Clean Water Rule 
(EPA 2016a), soil erosion of a cell is assumed influential to a downslope 
wetland/waterbody within a distance of 4,000 feet or less, beyond which the cell’s 
erosion is considered to no longer affect this wetland/waterbody.  
Here a 1st-order Inverse Distance Weighting (IDW) approach is applied to 
normalize the distance factor by adjusting its weight at each cell. For a cell at the minimal 
distance (90 meters), its weight is assumed to be approximately 1. For a cell at the longest 
effective distance (4,000 feet or 1,219.2 meters), the weight is assumed 0. For cells in 
between, their weights are a linear regression between 0 and 1. If a cell has a distance 
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greater than 4,000 feet, the USLE-calculated A is used (as shown in Eq.1). With this 
distance-weighted factor, the USLE is modified as: 
 
𝐴𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 𝐴 𝑖𝑓 𝑑 > 4000 𝑓𝑒𝑒𝑡      (3) 
 
𝐴𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 𝐴 ∗ (1 + (
97.095
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
) − 0.0788) 𝑖𝑓 𝑑 < 4000𝑓𝑒𝑒𝑡    (4) 
where Distance = the cell’s distance to nearest downslope wetland/waterbody in the units of 
meters. The two constants are the slope and intercept of the linear regression to normalize the 
weight.  
Finally, the Soil Loss Tolerance (acquired from ESRI) is subtracted to calculate 
the effective soil erosion. Soil Loss Tolerance represents the largest weight of soil per 
area that can be eroded on a cell every year while still remaining agriculturally productive 
(ESRI 2015b), i.e. the acceptable loss of soil per acre per annum for each cell. More 
erodible soil has a lower tolerance amount and less erodible soil has a higher tolerance 
amount (USDA 2016). The final equation to calculate Soil Erosion Severity is: 
 
𝑆𝑜𝑖𝑙 𝐸𝑟𝑜𝑠𝑖𝑜𝑛 𝑆𝑒𝑣𝑒𝑟𝑖𝑡𝑦 = 𝐴𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 − 𝑆𝑜𝑖𝑙 𝐿𝑜𝑠𝑠 𝑇𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒              (5) 
 
Areas with soil erosion (𝐴𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑) less than the Soil Loss Tolerance are 
considered the erosion-tolerable lands. All lands above this threshold are environmentally 
sensitive lands, or ESLs, in this study. According to the Organisation for Economic Co-
Operation and Development (OECD 2016), soil erosion severity can be divided into 5 
different categories: tolerable, low, moderate, high, and severe. In this study, the low and 
moderate categories are combined, and the ranking is adjusted by considering Soil Loss 
Tolerance of the land:  
Tolerable: at or below Soil Loss Tolerance 
Moderate: 0- 9.8 U.S. tons/acre/year above Soil Loss Tolerance 
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High: 9.8-14.7 tons/acre/year above Soil Loss Tolerance 
Severe: greater than 14.7 tons/acre/year above the Soil Loss Tolerance 
 
2.3.4 Agricultural Land-Use Change and ESL assessment 
 
The land-use change from 2008 to 2011 is assessed using CDL data. A “to-from” 
Change Table is created to quantify land conversions, especially between grass and corn, 
in the two years. From the modified USLE model, Soil Erosion Severities are calculated 
and ranked to assess the variation of ESLs caused by land conversion. Using the 2011 
land-use as the baseline, a set of agricultural land-use change scenarios are proposed to 
project their impacts to ESLs in the study region: cropland to grass vs. grass to corn; on 
ESLs vs. non-ESLs; and at three magnitudes, 5%, 10%, and 15% change that is randomly 
sampled in each scenario. 
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CHAPTER 3 
RESULTS 
3.1 Agricultural Land-Use Change from 2008-2011 
Corn and soybean are the primary crops in the study region and have been 
expanded from 2008 to 2011 (Fig. 3.1). Most of the land conversion is concentrated in 
and around the Corn Belt. Interestingly, different land conversion trends occurred in the 
western and eastern portions of the region. Corn/soybean planting areas were mostly 
converted from non-grass areas in the Missouri River Basin but were from grasses in the 
Upper Mississippi River Basin. These trends indicate different land management 
activities in the Midwestern states. 
 
Figure 3.1: Agricultural Land-Use Change from 2008 to 2011 
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For planting acreages, corn increased nearly 36,000 km
2
, and soybean increased 
by over 10,000 km
2
. Other crops increased by nearly 46,000 km
2
, and grass decreased by 
nearly 111,000 km
2
. In total, a very large amount of cropping areas increased, at the 
expense of grasses.  
 
Table 3.1: Land-Cover/Use Percentages for 2008 and 2011 
Land-Use 
Type 
Area in 
2008 
(km
2
) 
Area in 
2011 
(km
2
) 
Percentage 
of Study 
Region, 2008 
Percentage of 
Study 
Region, 2011 
Areal 
Change 
(km
2
) 
Corn 200,271 236,123 11.04% 13.02% 35,853 
Soybeans 146,347 156,542 8.07% 8.63% 10,195 
Other Crops 154,739 200,685 8.53% 11.062% 45,946 
Grass 794,405 683,699 43.79% 37.69% -110,706 
Water/Wetland 68,925 85,666 3.80% 4.72% 16,741 
Other Land 449,470 451,448 24.78% 24.88% 1,977 
 
There was much more change (Table 3.2) from grass to corn/soybean (44,200 
km
2
) than corn/soybean to grass (16,000 km
2
). Finally, all other land was converted to 
corn/soybean in a large amount of over 47,200 km
2
. These numbers agree with the spatial 
patterns of land-use changes (Fig. 3.1).                 
       Table 3.2: Land-Use Change Table. The units are in km
2
 
  
To 
 
    
  
Corn/Soybean Grass 
 
Corn/Soybean 301,262 16,009 
From Grass 44,178 587,085 
 
Other Land 47,208 80,564 
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3.2 Soil Erosion Severity (2008 to 2011) 
 
Figure 3.2 (A-F): Factor maps in 2011: (A) Rainfall and Runoff Factor (R-Factor); (B) Soil Erodibility 
Factor (K-Factor); (C) Topography Factor (LS-Factor); (D) Cover Factor (C-Factor); (E) Erosion 
Prevention Factor (P-Factor); and (F) the Wetland-related Distance Factor 
 
The 2011 input maps of the six factors in the distance-weighted USLE model are 
displayed in Fig. 3.2. The rainfall/runoff factor (Fig. 3.2A) reveals the geographically 
differing trend (increasing from west to east) of precipitation and runoff capabilities in 
the study region. Fig. 3.2B shows the spatial variations of soil properties. Fig. 3.2C shows 
the relatively low Land-Slope Factor for the study region. Fig. 3.2D shows the spatial 
distribution of the Land-Cover Factor. This Factor largely shows the same spatial 
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variations as the grasslands and croplands. Fig. 3.2E corresponds very highly with Fig. 
3.2D because many of the same management practices are assumed to occur for similar 
land-use types. Fig. 3.2F shows all the areas in which the distance to the nearest 
downslope wetland/waterbody is 4,000 feet or less. These areas will be weighted in the 
distance-weighted USLE. 
 
Figure 3.3: The distributions of ranked Soil Erosion Severity in the study region in two years: (A) 2008; 
and (B) 2011. 
Missing data for the environmental factors was observed (white spaces in Fig. 3.3 
which are not waterbodies), due primarily to omission of data within the K-Factor and 
the Soil Loss Tolerance data sets from ESRI (2015a, b). Much of the missing data is in 
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mountainous areas in the west and the north end of the study region. Except for these 
cells, soil erosion severity of approximately 1.61 million km
2
 of the study region is 
assessed. A majority (over 92%) of the study region experiences tolerable soil erosion 
(Fig. 3.3). The ESLs are mostly distributed in the crop-intensive area in the east of the 
region. In 2008, about 4.7% of the study region experienced moderate soil erosion, 0.8% 
high soil erosion, and 1.5% severe soil erosion. In 2011, the amount of all ESL ranks 
increased, reaching 5.2%, 0.9% and 1.8% for moderate, high, and severe erosion, 
respectively.   
The percent increase in each rank is dramatic. From 2008 to 2011, the area of 
ESLs in the three ranks increased in a range of 10.71-20.83% (Table 3.3).  
Correspondingly, the tolerable lands decreased approximately 15,000 km
2
. Although not 
spatially predominant in the study region, the increase of ESLs in all ranks is also visible 
(Figs. 3.3A and 3.3B), revealing that the Midwest is becoming more environmentally 
sensitive. 
Table 3.3: Areal variations of Soil Erosion Severity between 2008 and 2011  
Soil Erosion 
Severity 
Area 2008 
(km
2
) 
Area 2011 
(km
2
) 
Percentage 
Change 
Tolerable 1,498,976 1,483,915 -1.00% 
Moderate 75,824 83,948 10.71% 
High 12,096 14,114 16.68% 
Severe 23,616 28,535 20.83% 
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Table 3.4: Change Table of Soil Erosion Severity from 2008 to 2011 (km
2
) 
   
To 
  
       
 
Tolerable Moderate High Severe 
 
Tolerable 1,466,338  21,164  3,834  7,640  
From Moderate 12,459  61,238  475  1,651  
 
High 1,840  415  9,595  247  
 
Severe 3,279  1,130  210  18,997  
      
 
 The majority of the areas with tolerable soil erosion in 2008 remained tolerable in 
2011 (Table 3.4). Interestingly, for each ESL rank, the highest change occurred between 
the ESLs and the tolerable lands (bolded in Table 3.4), and consistently more ESLs were 
shifted from tolerable lands in 2008 to ESLs in 2011 than the opposite. Overall in 2011 
there were 8,124 km
2
 more moderate ESLs, 2,018 km
2
 more High ESLs, and 4,919 km
2
 
more Severe ESLs. The change between ESL ranks, however, was limited. Therefore, it 
is reasonable to suggest that the increase of ESLs for 2011 occurred on the tolerable lands 
of 2008, possibly as the result of corn expansion in originally non-sensitive croplands. 
This agrees with the expansion of Grass to Corn/Soybean and Other Land to 
Corn/Soybean outward of the Corn Belt in the agricultural land-use change map (Fig. 3).  
 20 
 
Figure 3.4(A-D): Soil Erosion Severities for Different Land-Use Types. A: soil erosion severity for 
corn/soybean lands in 2008. B: soil erosion severity for corn/soybean lands in 2011. C: soil erosion 
severity for grasslands in 2008. D: soil erosion severity for grasslands in 2011. 
 
Given that the spatial coverage of ESLs in all ranks is much less than that of 
tolerable lands (Fig. 3.3), much more corn and soybeans are planted on tolerable lands 
than on environmentally sensitive lands in both 2008 (Fig. 3.4A) and 2011 (Fig. 3.4B). 
Nevertheless, the increase of corn/soybean planting areas on ranked ESLs is still obvious 
in the two figures. Similarly, from 2008 to 2011 there is a decrease of corn/soybeans on 
tolerable lands and an increase on all ranked ESLs (Table 3.5), indicating that less 
desirable and more erosion-prone lands are being utilized. Differently, grasses 
predominantly grew on tolerable lands in 2008 (Fig. 3.4C) and 2011 (Fig. 3.4D). Percent 
covers of grasses in tolerable lands and ESLs almost remain the same in Table 3.5. 
However, grasses on ESLs covered 9,600 km
2
 in 2008 and 8,400 km
2
 in 2011. The 
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decrease of grass cover on ESLs could be significant because of the low coverage of 
ESLs in the region. This change may deserve further investigation because it has been 
well-recognized that grasses help prevent erosion and maintain tolerable soil erosion. 
 
Table 3.5: Summary of soil erosion severity for corn/soybean lands and grasslands in two years as a 
percentage of the study region. 
Cover 
Type Year Tolerable Moderate High Severe 
Corn/Soy 2008 76.11% 15.38% 2.88% 5.63% 
Corn/Soy 2011 75.48% 15.42% 3.00% 6.10% 
Grass 2008 98.71% 1.12% 0.06% 0.11% 
Grass 2011 98.72% 1.12% 0.06% 0.10% 
 
For management purposes, it is useful to have watershed-level information 
available about ESLs. Using HUC 8 level watershed, the ESLs per watershed were 
summarized (with “No Data” areas excluded). In 2008, there was an average ESL per 
watershed of 6.71%. In 2011, there was an average ESL per watershed of 7.61%. 
Watersheds with higher amounts of ESLs are concentrated in and around the corn belt. 
Lower amounts of ESLs are found in the Great Plains. From 2008 to 2011, there was a 
slight increase (overall) for the watersheds of the study area. However, it is a very small 
increase (.88%). The watersheds that experienced increases in ESLs are concentrated in 
the Corn Belt, and those that experienced increases in ESLs are concentrated in the Great 
Plains. The Z-scores show the areas with the most change from 2008 to 2011. Some 
watersheds are very small and cannot be seen at this spatial scale. The watersheds with Z-
scores of greater than 1.96 are the most highly significant and indicate those areas with an 
extreme amount of ESL increase from 2008 to 2011. 
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Figure 3.5: Percentage of ESLs for HUC 8 watersheds A) Percentage of ESLs for HUC 8 watersheds in 
2008. B) Percentage of ESLs for HUC 8 watersheds in 2011. C) Differences in the Percentage of ESLs for 
HUC 8 watersheds in 2008 and 2011. D) Z-Scores for the differences between 2008 and 2011. River Data 
acquired from Natural Earth. 
 
3.3 Soil Erosion Severity under projected agricultural land-use change 
 
On non-ESLs, conversion of grass to corn showed an increase in all ranks of 
ESLs. Corresponding to this, tolerable lands decreased (Fig. 3.5A). There was virtually 
no change in any rank of ESLs when converting cropland to grass (Fig. 3.5B). Therefore, 
converting corn back to grass on non-ESLs does not help reduce the environmental 
sensitivity of the region.  
On ESLs, the change of the ESL ranks was low when converting grass to corn 
(Fig. 3.5C). The largest change was in the Severe rank as the land had been highly 
environmentally sensitive. Conversion of cropland to grass on ESLs showed significant 
decreases in ESLs and an increase in tolerable lands (Fig. 3.5D). In agreement with 
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conservation programs such as CRP and BCAP, a best practice of reducing soil erosion is 
to convert annual crops back to grasslands on environmentally sensitive lands. 
    
 
Figure 3.6(A-D): Percent change of soil erosion severity categories under projected land-use change. A: 
converting grass to corn on non-ES lands. B: converting corn to grass on non-ES lands. C: converting 
grass to corn on ES lands. D: converting corn to grass on ES lands 
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3.4 Uncertainty Analysis 
Validation of the USLE results in this study is difficult because of a lack of site-
specific records of soil erosion. Here we use the Automated Geospatial Watershed 
Assessment (AGWA) (USDA-ARS) to compare its watershed-level outputs with the 
modeled results. The AGWA is an instrument used to model hydrology and display this 
modeling (AGWA 2016). It is used here to validate the USLE outputs of my model.  
 
Figure 3.7: Test Areas for Uncertainty Analysis 
The discretized polygons are the areas of the identified watershed broken up into 
smaller pieces. The inputs of AGWA are DEM data, soil data, and built-in weather 
station data (precipitation and temperature). The outputs of AGWA for this study are 
validated SWAT data. Two test watersheds are selected. One (Test Area #1) is located in 
a grassland-dominated, tolerable land in the northwest of the study region, and the other 
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(Test Area #2) contains high amounts of corn/soybean lands with a large number of 
ESLs. The results from the AGWA confirmed that Test Area #1 had much lower soil 
erosion potential while Test Area #2 had higher soil erosion potential.  
 
Figure 3.8: Test Area #1. (A) Land-Use (B) AGWA sediment yield output (C) USLE sediment yield output 
(D) Difference between B and C. 
For Test Area #1, AGWA results produced an outcome of 0 tons/acre for each 
discretization. The USLE produced the soil erosion loss in a range of 0.19-0.52 
tons/acre/year for all discretizations. The difference between the AGWA results and the 
USLE results are acceptable. Taking the AGWA results as base data, the root-mean-
square error (RMSE) of the USLE simulation was 0.156 tons/acre in 2008 and 0.146 
tons/acre in 2011. 
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Figure 3.9: Test Area #2. (A) Land-Use (B) AGWA sediment yield output (C) USLE sediment yield output 
(D) Difference between B and C. 
 
For Test Area #2, the differences between the AGWA sediment yield and the 
USLE sediment yield were greater. This is likely to be related the high sensitivity of ESL 
lands in this test area. In addition, the USLE model deals with land use change with a 90 
meter cell size. By setting each discretization polygon as a unit area, the AGWA cannot 
take these spatial details into account for cell-level calculation of sediment yield. The 
RMSEs of the USLE model against AGWA were much higher than the test area #1, 
reaching 8.914 tons/acre in 2008 and 9.185 tons/acre in 2011. When the 0-yield polygons 
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are removed, the RMSEs are 8.042 tons/acre and 8.526 tons/acre, respectively. A large 
part of this RMSE comes from the difference between sediment yield and soil erosion 
potential. Sediment yield calculates the amount of sediment leaving each watershed and 
soil erosion potential calculates the amount of soil leaving each pixel without regard to 
deposition. 
Uncertainties of the USLE may come from the LS-Factor calculation, especially 
flow accumulation that may not be limited, which may result in an overestimation of soil 
erosion in some areas. In addition, the C and P-Factors of the USLE model are referred 
from a plethora of sources that define the cover factors differently. The selection of these 
values in this study is somehow subjective especially in such a large-scale study. Finally, 
different thresholds of acceptable soil loss tolerance change the definition of ESLs. There 
is some controversy over the soil loss tolerance being too high (Johnson 1987). If the soil 
loss tolerance is lowered, more lands will be considered environmentally sensitive in the 
study region. 
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CHAPTER 4 
DISCUSSION 
Corn/soybean cropping is the dominant agricultural land use in the Midwest, and 
has experienced a significant amount of expansion in past years. This is likely to have 
been highly influenced by accelerated biofuel demand. In the United States, corn ethanol 
has increased dramatically since 2000. In 2000, approximately 1.62 billion gallons of 
ethanol, without denaturant, were consumed in the United States. In 2015, approximately 
14.51 billion gallons of ethanol were consumed (USDA-ERS 2016). 0.63 Billion bushels 
of corn were utilized for ethanol in 2000, and this amount increased to 5.20 billion 
bushels in 2015 (Alternative Fuels Data Center 2016). While perennial native grasses 
have been investigated as an alternative energy crop for several decades, there is still a 
higher acreage of grasslands converted to corn/soybean than corn/soybean to grasslands 
in 2008-2011, resulting in a decrease of perennial green cover in croplands. This, in turn, 
increases soil erosion and environmental sensitivity of the region.  
 Environmentally sensitive lands in the Midwest are spatially limited and mostly 
clustered in cropping areas. From 2008 to 2011, the area of tolerable land decreased, 
partially a result of the conversion of grassland. The expansion of corn/soybean increased 
the acreage of environmentally sensitive lands and the ranks of soil erosion severity of 
the study region. These changes support the idea that the environmentally sensitivity of 
lands is highly influenced by agricultural usage (USDA-FSA 2016). 
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Impacts of agricultural land-use change are different on tolerable lands and 
environmentally sensitive lands. On tolerable (non-ES) lands, soil erosion severity is 
predicted to decrease with a conversion from most cropland types to grass and remain the 
same on environmentally sensitive (ES) lands. The conversion of grass to corn, however, 
can significantly increase soil erosion severity. This indicates the importance of grass 
cover to maintain tolerable levels of soil erosion even on tolerable lands.   
ES lands are more sensitive to agricultural land use. Converting corn to grass can 
significantly decrease the amount of environmentally sensitive lands and increase the 
amount of tolerable lands. Even if a site does not become tolerable, its ESL ranks may 
become lower (e.g. a severe land may become high). This land-use change decreases soil 
erosion, which helps to maintain the hydrological health of the region. Converting grass 
to corn on ES lands only results in minimal decreases in tolerable soil erosion severity. 
However, severe soil erosion increases, and lands become more environmentally 
sensitive.  
These findings suggest that, for balancing environmental sensitivity with land-use 
change, we could either reduce the conversion from grasses to crops on non-ES lands, or 
increase the conversion from crop to grasses on ESLs. This has profound implications for 
bioenergy expansion in the United States, as corn ethanol from expanded croplands may 
not be sustainable in the region. Once the feedstock conversion techniques break through 
to reduce the cost, native prairie grass used for biofuel could become an optimal solution 
to reduce environmental sensitivity of the region.  
This study integrates remote sensing, GIS, and hydrology models to provide a 
regional assessment about the impacts of corn expansion on the sustainability of the U.S. 
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Midwest. One advantage of this study is its spatially-explicit investigation on a river-
basin level. This allows for a regional overview for better understanding about 
environmental impacts of agricultural land-use change. It is especially important because 
corn expansion occurs at the field scale, but its environmental impact is on a continuous, 
regional scale. Uncertainties may have arisen because of data availability and modeling 
accuracy across such a large region, for example classification errors of CDL maps and 
information loss when re-sampling environmental data in different cell sizes. The USLE 
model also does not take weather abnormalities and climate change into account. To 
improve this research, future work may take advantage of more frequent satellite 
observations, such as the daily 36-km soil moisture products acquired by the newly 
launched Soil Moisture Active Passive (SMAP) mission. More quantitative land surface 
properties, e.g. crop production and perennial biomass from remote sensing data, may 
also improve our assessment of environmental resilience and sustainability of this 
important agricultural region.  
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CHAPTER 5 
CONCLUSIONS 
This study explores agricultural land-use change fueled by corn expansion in the 
Midwestern U.S. and its impacts to environmental sensitivity in such an important 
agricultural region. A distance-adjusted USLE model is developed to include downslope 
wetlands and waterbodies in environmental assessment. With satellite-classified CDL 
crop maps in 2008 and 2011, soil erosion severity within the study region is extracted and 
ranked. In the two years, the corn/soybean land-use increased dramatically at the cost of 
grasslands and other crops, and the conversion radiated outward of the Corn Belt. 
Correspondingly, the expansion of corn/soybean lands greatly impacts the environmental 
sensitivity of the region. While ESLs are spatially limited in the region, all ranks of ESLs 
increased and tolerable lands decreased. Within scenarios of agricultural land use change 
(corn to grass, grass to corn) in the two land types of non-ESL and ESLs, soil erosion 
severity is mapped in the study region with a change rate of 5%, 10% and 15%, 
respectively. Converting corn to grass in environmentally sensitive lands may improve 
the lands to be tolerable, while converting grass to corn in tolerable lands may degrade 
the lands to be environmentally sensitive. These results show the great impact of cover 
types on environmental sensitivity and reveal the high potential of re-establishing native 
prairie grasses as a more sustainable biofuel crop in the Midwest. 
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